Abstract-The effect of the uniaxial strain on the currentvoltage characteristic of a typical armchair graphenenanoribbon-hBN heterostructure device is simulated numerically by employing the nearest-neighbor tight-binding model and the non-equilibrium Green's function formalism. Simulations clearly reveal the following notable dependencies: (i) the strain invariably reduces the current; (ii) the strain applied in the armchair direction markedly widens the main peak of the current over a larger region of the bias voltage compared with the unstrained state; (iii) the current decreases faster when the strain is applied in the armchair rather than the zigzag direction.
I. INTRODUCTION
G RAPHENE is an atomically thin two-dimensional (2-D) crystal [1] with unique thermal, mechanical, and electronic transport properties [2] , e.g., involving carriers with high mobility, perfect 2-D confinement, and linear dispersion. Consequently, graphene has attracted much attention as a promising candidate for nanodevices over the past decades. Multilayer stacks of graphene and other stable, atomically thin, 2-D materials offer the prospect of creating a new class of heterostructure materials. Hexagonal Boron-Nitride (hBN) is a prominent candidate to be stacked with graphene due to an atomically 2-D layered structure, having a lattice constant very similar to that of graphene (1.8 % mismatch), comparatively large electrical bandgap (4.7 eV), and excellent thermal and chemical stability [3] . The graphene/hBN based tunneling transistors exhibit resonant tunneling, and possess a strong negative differential resistance (NDR) [4] - [7] . These devices, promising considerable potential for future high-frequency and logic applications, e.g., high-speed IC circuits, signal generators, data storage [8] - [10] have thoroughly been studied both theoretically and experimentally [11] - [17] .
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R. Morad is with the Department of Electrical Engineering, University of Cape Town, South Africa (e-mail: rmorad@tlabs.ac.za). In this paper, the effect of the uniaxial strain on graphenenanoribbon resonant tunneling transistors (RTTs) has been simulated numerically. The uniaxial strain may be induced by either external stress applied to the graphene, in a particular direction, or the substrate on top of which it is deposited. The strain modifies distances between carbon atoms leading to different hopping amplitudes among neighboring sites [30] - [32] . The device structure used in the simulations involves an RTT consisting of armchair graphene nanoribbon (AGNR) electrodes with three layers of hBN tunnel barrier sandwiched between them. Employing the nearest-neighbor tight-binding (TB) method and the non-equilibrium Green's function (NEGF) formalism [15] - [18] the electronic transport characteristics of the RTT is computed. The paper primarily focuses on quantitatively determining the manner strain affects the current-voltage characteristics of AGNR/hBN RTTs.
The paper is organized as follows: In Section II the device structure, the NEGF formalism and the theory of the uniaxial strain are briefly described. Section III is dedicated to the results of the transmission function and the current-voltage characteristics of the device subject to the strain. Conclusions follow in Section IV.
II. DEVICE GEOMETRY AND METHODS

A. Device structure
The geometry of AGNR/hBN RTT is illustrated in Fig. 1 The bottom AGNR electrode acts as the source, the top AGNR electrode serves as the drain, and the substrate plays the role of the gate electrode of the RTT. By applying the bias voltage, V b a tunnel current flows between the source-and the drain electrodes. The current can be resonantly enhanced if the Dirac points of the two AGNR electrodes are aligned [4] by tuning the gate voltage V g .
The armchair electrodes considered in this device are metallic with even number of the ribbon width index N = 6p + 2 (p = 1,2,3,. . .) and nanoribbon width of W = (N − 1)a 0 /2. Here, a 0 stands for the graphene lattice constant (a 0 = 0.246 nm) as shown in Fig. 2 . It is assumed that the layers have an AB order (Bernal stacking) [20] - [25] . The lattice constant mismatch between hBN and graphene (1.8 %) [13] , has been neglected.
Since the metallic graphene layers have much higher conductivity than hBN, the applied bias voltage rigidly shifts the electrostatic potential energy of the bottom graphene electrode by the amount equal to U = −eV b , while the value of the electrostatic potential energy of the top graphene layer remains zero. The electrostatic potential of the hBN layers, sandwiched between the bottom-and the top electrodes, are obtained by assuming a linear potential profile between the electrodes. The bias voltage controls the chemical potential of contacts µ B = −eV b and µ T = 0 for the bottom and top graphene leads, respectively. The gate voltage shifts the electrostatic potential energy at the bottom electrode by ∆U = -0.01 eV g [7] .
B. NEGF Formalism
The non-equilibrium Green's function (NEGF) formalism [29] has been employed in this simulations. The general retarded Green's function is computed by
where E, I, and H are the energy of electrons, the identity matrix, and the Hamiltonian matrix of the system, respectively. Furthermore, the Σ r L/R is the self-energy of the semi-infinite left (right) graphene layer (refer to Fig. 1 ). Γ L/R (E) are evaluated using self-energies given by,
where the dagger signifies the Hermitian conjugate. The transmission function can be calculated using the expression
The current as a function of bias voltage is Fig. 2 . Schematic geometry of an armchair nanoribbon. The parameter a 0 is the lattice constant. The X and Y directions, respectively, are along the armchair and zigzag edges. Here, δ i is the distance between the nearest-neighbors, while t i characterizes the hopping between the nearest sites. By applying strain, the distances δ i are changed depends on the direction of the strain, resulting in a modification of the hopping parameters.
where f (E − µ L/R ) is the Fermi-Dirac distribution function for the left (top) or right (bottom) graphene layers. The recursive Green's function (RGF) approach has been adopted to calculate the retarded Green's function [15] . Additionally, the Sancho iteration method [37] has been used to evaluate the self-energy of the leads.
C. Uniaxial Strain
When graphene is deposited on substrates, structural deformation arises naturally due to distinct atomic arrangements of graphene and the substrate. Theoretical calculations [34] and experiments [35] have shown that strain can change the initial inter-atomic distance up to 20% without opening a band gap.
In this work, the graphene layers are considered uniformly stretched or compressed along a prescribed direction θ with respect to the Y-direction in the graphene plane. In addition, since three hBN layers have been considered between the graphene electrodes, the same strain is assumed to be applied to the hBN layers as well.
Considering the Y-direction along the zigzag direction of the lattice in Fig. 2 , the strain tensor in the lattice coordinate system is [31] 
where 0 is strain modulus, θ is the direction of the applied strain, and σ is the Poisson ratio, which is equal to 0.165 for graphene [30] - [31] .
The distance between the atoms in each layer after the strain application, needs to be adjusted according to
which leads to distortion of the reciprocal lattice. Here, δ stands for the distance between the nearest-neighbors (refer 
TABLE I THE NEAREST-NEIGHBOR TIGHT-BINDING PARAMETERS USED IN THIS
PAPER [20] , [22] .
On-site Energies / eV Intra-layer Hopping / eV
Inter-layer Hopping / eV
to Fig. 2 ) while the δ s refers to the nearest-neighbors distance under the strain. The change in bond lengths leads to different hopping amplitudes among intralayer neighboring sites. It is generally accepted that the following exponential relationship models the hopping parameter of graphene under strain sufficiently accurately [30] - [33] t s = t e 
where t represents the intralayer hopping parameters shown in Table I . The superscript s refers to the strain. The rate of decay is extracted from the experimental results for the graphene [36] . The direction of the strain is defined such that θ= 0 corresponds to the zigzag direction of the lattice while θ = π/2 represents the armchair direction.
III. RESULTS
Figure. Table I represents the tight-binding parameters employed in the simulations [20] , [22] . The inter-layer distance between the AGNR and hBN layers is assumed to be 0.36 nm, the inter-layer distance between the hBN layers is 0.33 nm, and the relative dielectric constant of the insulator is taken to be 3.9.
In this study, the focus is on the effect of uniaxial strain on the current-voltage characteristics of the device depicted in Fig. 1 . It is assumed that the uniaxial strain applied to the multilayer device is the same in each layer. Consequently, all graphene and hBN layers are under the same tension, and, it is further assumed that the tension does not affect the distance between inter-layer atoms and inter-layer hopping parameters. Figure. (2) shows the schematic geometry of armchair nanoribbon. The Y-direction denotes the zigzag edge, while the X-direction indicates the armchair edge. The distance between the nearest-neighbors is given by δ, and t characterizes the hopping parameter between nearest sites. By applying strain, these distances change depending on the direction of the tension which in turn modifies the hopping parameters (Refer to Section II.C for more details) and the position of the Dirac points.
In Fig. 4 , the transmission function is plotted for different strain modulus applied to both the zigzag and armchair directions for V g = -45 V and V b = 0.45 V. Vertical dash-dot lines in Fig. 4 give the chemical potential at both AGNR ends µ B and µ T , which determines the bias window. The current can be calculated by integrating the transmission function in bias window, (5) , such that the transmission peaks in this window mainly contribute to the current. All sharp peaks represent the tunneling peaks due to the energy alignment of subbands in the top and bottom graphene contacts; they do not contribute significantly to the current. The transmission functions show that the electrons at E = 0 eV encounter a strong barrier between the AGNR layers. For comparatively small strain values 0 = 0.04 in zigzag direction (θ = 0) the main peak in Fig. 4 (top) is increasing and becoming sharper which leads to a smaller current. The behavior of the transmission function for the applied strain in the armchair direction (θ = π/2) is in principle the same: peaks are increasing and becoming sharper. By increasing the strain modulus (See Fig. 4(bottom) for 0 = 0.1) the main peaks in the active energy regions in both directions collapse.
From a physical point of view, the application of strain causes a change in the interaction between graphene atoms, such that the increase of the strain modulus leads to a stronger localization of the P z orbitals of the atoms in the honeycomb lattice; this disrupts the alignment of the Dirac points in the graphene layers during the tunneling process, which results in the collapse of the current. Consequences of these trends can be viewed in the I − V curves. The resultant I − V characteristic of the device for various strain modulus applied to the zigzag direction, θ = 0 and the armchair direction, θ = π/2 are plotted in Fig. 5 and Fig. 6 , respectively. The simulations show that the applied strain in the θ = 0 direction results in the narrowing of the main peak of current, while simultaneously decreasing the maximum amount of the current. In addition, the next smaller peak approaches the main peak and rapidly collapse to zero. Applying strain in the armchair direction, widens the main peak of current over a bigger region in the bias voltage domain, although the maximum of the current continues to decreases. The current decreases faster when the same strain applied in the armchair direction compared with being applied in the zigzag direction. The computed numerical data are consistent with the results reported in [38] - [40] where it is demonstrated that the electronic structure of strained GNRs strongly depends on its edge shape and the structural indices such that zigzag GNRs are not particularly sensitive to uniaxial strain, while the electronic structure of AGNRs is very sensitive to the strain and even a band gap could appear for large ratio of the deformation.
IV. CONCLUSION
The effect of uniaxial strain on the I-V characteristic of an AGNR-hBN-AGNR multilayer heterostructure device was studied theoretically. This class of devices supports resonant tunneling if the applied gate voltage aligns the Dirac points of the top and bottom graphene electrodes. Applying strain on the device deforms the Dirac points of the graphene electrodes affecting the transport properties of the device. In this work, a uniaxial strain was applied in the armchair-and zigzag directions of the nanoribbons, assuming a uniform change in the intra-layer atomic distances in all layers. For simplicity, it was assumed that inter-layer distances and consequently interlayer hopping parameters are not all affected by the tension. By using the tight-binding model and non-equilibrium Green's function formalism, the current-voltage characteristic of the device was calculated in the presence of the uniaxial strain. The results demonstrated that the strain decreased the amount of the current in both cases. however, the quantitative behavior of the I-V characteristic turned out to be different for the strain being applied in different directions. The observed collapse of the current occurred more rapidly when the strain was applied in the armchair direction.
The effect of the uniaxial strain on the chosen device enables the control of the current by applying tension to the layers to obtain (design) the desired I-V characteristics. This property may offer attractive applications in NEMS devices. Potential applications in sensing devices also offer themselves.
The preliminary results obtained in this work suggest that by considering the effect of inter-layer hopping parameters, applying different tensions in various directions (specified by θ), and comparing them with the first principle calculations, will provide deeper insights and valuable guidelines for future theoretical and experimental investigations of strain effect on heterostructure devices.
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